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For several decades electrical bioimpedance (EBI) has been used to assess body fluid distribution and body composition. Despite
the development of several different approaches for assessing total body water (TBW), it remains uncertain whether bioimpedance
spectroscopic (BIS) approaches are more accurate than single frequency regression equations.Themain objective of this study was
to answer this question by calculating the expected accuracy of a single measurement for different EBI methods. The results of
this study showed that all methods produced similarly high correlation and concordance coefficients, indicating good accuracy
as a method. Even the limits of agreement produced from the Bland-Altman analysis indicated that the performance of single
frequency, Sun’s prediction equations, at population level was close to the performance of both BIS methods; however, when
comparing the Mean Absolute Percentage Error value between the single frequency prediction equations and the BIS methods,
a significant difference was obtained, indicating slightly better accuracy for the BIS methods. Despite the higher accuracy of BIS
methods over 50 kHz prediction equations at both population and individual level, the magnitude of the improvement was small.
Such slight improvement in accuracy of BIS methods is suggested insufficient to warrant their clinical use where the most accurate
predictions of TBW are required, for example, when assessing over-fluidic status on dialysis. To reach expected errors below 4-5%,
novel and individualized approaches must be developed to improve the accuracy of bioimpedance-based methods for the advent
of innovative personalized health monitoring applications.
1. Introduction
Electrical bioimpedance (EBI) technology has advanced con-
siderably, since the 1960s when the impedance of the body
and its constituent tissues were related to an electrical current
applied to the body through their water contents [1]. Subse-
quently, measurement of tissue and body impedance, com-
monly but incorrectly referred to as bioelectrical impedance
analysis (BIA), was developed as practical method for
assessing fat-free mass [2] and lean tissue [3] that is now in
clinical use worldwide. Initial approaches for assessing body
water content, and hence Fat-Free Mass (FFM), were based
on impedance measurements obtained at a single frequency,
typically 50 kHz (SFBIA).The impedance quotient (𝐻2/𝑍, or
more commonly 𝐻2/𝑅 where 𝐻 is height, 𝑍 is impedance,
and 𝑅 is resistance) and anthropometric variables such as
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weight and sex were combined using regression techniques
against an independent referencemeasurement of bodywater
to obtain prediction equations. For the past two decades,
these empirically derived prediction methods have coex-
isted with bioimpedance spectroscopic (BIS) methods. In
BIS, impedance information is obtained from measurements
acquired over a range of frequencies, typically 5 to 1000 kHz.
The BIS approach is based on the use of circuit equivalent
models and Hanai mixture theory [4] with the expectation
that this method would exhibit superior performance than
the SFBIA methods, but to date improvements of BIS over
SFBIA have been found to be marginal [5]. It would seem
intuitively obvious that the larger amount of information
obtained from measurements at many frequencies should
provide better characterization of tissue properties and hence
improve predictive power, that is, decrease expected error.
In particular, BIS theory holds that impedance at a low
frequency, ideally zero kHz, will be inversely related to
the extracellular water (ECW) compartment volume while
impedance at infinite frequency will be most closely related
to total body water (TBW). However, the simplifications and
assumptions invoked through the application of equivalent
circuit models and the estimation of fluid volumes through
mixture theory formulae reduce the value of BIS informa-
tion significantly producing large variability in the obtained
estimates between different EBI approaches and reference
methods for the same population therefore leading to a
general mistrust on EBI methods [6].
Themodelling of BIS data is generally accepted to provide
a good estimate of resistance at zero frequency [7] while the
extrapolation of measured impedances to infinite frequency
is potentially prone to measurement artefacts [8–15], over-
all affecting performance and accuracy of mixture theory
modelling of TBW and FFM. The assumption of population
mean values for several parameters in the BIS equations is an
additional source of error when predicting fluid volumes in
an individual. Moreover, the commonly adopted protocol of
measuring whole body impedance on one side only canmask
the effects of limb dominance [16] and the disproportionate
contribution of limb impedance to whole body impedance
[17].
Despite over 25 since the first bioimpedance-based equa-
tion for body composition analysis and all the research work
and studies performed with and about bioimpedance-based
prediction equations for body fluid contents, there is still very
few known about the performance, besides that a good linear
regression with dilution methods is shown and wide limits of
agreement. It is time to learn how really well the prediction
equations estimate fluid content and whichmethods perform
the better and how much better. The specific time is now,
because there is a significant upswing across dialysis wards
in using EBI-based equations for guiding nephrologists to
manage body fluid balance of patients requiring dialysis and
such nephrologist deserve to knowwhat is the error expected
from a volume estimation based on EBI measurements.
In this study, we assessed, using the same data set and
accounting for measurement artefacts, (1) the predictive
advantage of BIS compared to SFBIA; (2) the predictive power
of four popular 50 kHz single frequency methods compared
to; (3) the performance of the two most frequently used BIS-
based methods for prediction of TBW as measured by the
reference method of tritium dilution.
2. Methods and Materials
2.1. BodyWater CompartmentData. Comparison ofmethods
was based upon an analysis of measurements of body water
compartments performed in patients on growth hormone
replacement therapy at Sahlgrenska University Hospital in
Gothenburg, Sweden, between 2005 and 2011 [14]. From a
complete database with 703 participants available from the
aforementioned study, a total of 94 records corresponding
with measurements free from high frequency artefacts have
been selected; see subjects characteristics in Table 1. Data
include both BIS measurements and body water measure-
ments obtained by reference methods: TBW by tritium dilu-
tion [26], corrected for migration of tritium into nonwater
compartments [27], and ECW by bromide dilution [5]. The
Regional Ethics Committee of Gothenburg approved the
study and all subjects gave their written informed consent for
the study measurements.
2.2. BIS Measurements. The BIS measurements were per-
formed on patients after at least 5 minutes in supine posi-
tion, using a whole body, right-side, wrist-to-ankle (RS-
WA) tetrapolar electrode configuration [28]. The impedance
device used to perform the BIS measurement was the Body
Scout spectrometer (Fresenius Medical Care, Germany), a
predecessor of the current commercially available BCM
spectrometer from the same company. All measurements
were performed in themorning after a whole night of fasting.
The frequency range of the BIS measurements was 5 kHz to
1MHz.The Body Scout provides resistance (𝑅) and reactance
(𝑋
𝑐
) at each of 50 frequencies within this range, including
50 kHz. Additional parameters available included 𝑅
0
and 𝑅inf
obtained from the modelling curve-fitting procedure and 𝑇
𝑑
,
a measure of the model correction [22] required to account
for deviation of the data from the fitting model [29] due to
measurement artefacts referred to above.
2.3. Artefact-FreeMeasurements. In order to avoid the poten-
tial influence on the study of high frequency measurement
artefacts a subset of data for 94 participants was selected
according to the following criteria. If the optimal fitting
was obtained with a value of 𝑇
𝑑
close to zero, then it
is expected that such BIS measurement is essentially free
from measurement artefacts at high frequencies. In case of
presence of measurement artefacts at high frequencies, the
fitting will produce an absolute 𝑇
𝑑
value different to zero.
The greater the magnitude of 𝑇
𝑑
, the larger the deviation
from the model. Consequently, for this analysis only BIS
measurements producing 𝑇
𝑑
vales close to zero (±0.5) were
included.
2.4. Single Frequency Volume Prediction Equations. Among
the many SFBIA prediction equations available in the litera-
ture, four different volume prediction equations were chosen
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Table 1: Number of patients, average values for the anthropometric variables, and volume estimation for TBW (mean ± SD).
Number of patients Age Height Weight BMI 𝑇
𝑑
TBW
Male Female (Years) (cm) (Kg) (Kg/m2) (s ×10−9) (L)
56 38 61 ± 14 172 ± 10 84.9 ± 16.9 28.7 ± 5.07 0.29 ± 0.14 40.47 ± 9.2
Note: BMI: body mass index; TBW: total body water; 𝑇𝑑: time delay of Cole data modelling.
Table 2: 50 kHz single frequency prediction equations.
Source Equation
Deurenberg et al. [18] 6.69 + 0.34573𝐻2/𝑍
100
+ 0.17065 weight − 0.11 age + 2.66 sex
Heitmann [19] −17.58 + 0.240𝐻2/𝑅
50
− 0.172 weight + 0.40 sex weight + 0.165 height
Kushner and Schoeller [20] Men = 8.399 + 0.396𝐻
2
/𝑅
50
+ 0.143 weight
Women = 8.315 + 0.382𝐻2/𝑅
50
+ 0.105 weight
Sun et al. [21] Men = 1.203 + 0.499𝐻
2
/𝑅
50
+ 0.176 weight
Women = 3.747 + 0.450𝐻2/𝑅
50
+ 0.113 weight
(Table 2). These equations were selected as being in wide
use and have the smallest errors, best regression parameters
(𝑅2), and low limits of agreement in cross-validation studies
according to [30].
2.5. BIS Volume Prediction Equations. Two different
approaches to the BIS method to calculate the TBW have
been considered in this study. The first is the original Hanai
mixture theory approach as introduced by de Lorenzo et al.
in 1997 [22] and the second is a modification of this method
which incorporates adjustment for subject’s body mass index
(BMI) as introduced by Moissl et al. [24]. In each case,
the calculation of TBW is obtained as the sum of ECW +
ICW; ECW and ICW are obtained with their own equations
(Tables 3 and 4, resp.).
2.6. Statistical andDataAnalysis. Theagreement between the
predicted values and the reference dilution volume valueswas
assessed through both linear correlation (𝑟
𝑝
, Pearson) and
concordance correlation (𝑟
𝑐
) analysis [31] with the differences
between all pairs of dilution and predicted data evaluated
using limits of agreement (±2SD) analysis [32] and expressed
in both absolute and percentage, relative to reference TBW
volume, terms. Since Bland-Altman analysis focuses on
agreement and not on accuracy, the absolute percentage
difference obtained from every prediction was determined
and plotted in a diagram combining a distribution plot with
a scatter plot, similar to Bland-Altman. This allowed the
Mean Absolute Percentage Error (MAPE) in % [33] for all
the predictions performed with each different method to be
computed.
All the calculations for volume prediction [31], statistical
analysis, and comparison performance including plots were
performed with MATLAB 8.1 (The MathWorks Inc., MA,
USA). The sequence of analytical steps applied in this study
for evaluating performance differences between 50 kHz single
frequency methods and BIS methods is described in the flow
chart of Figure 1.
3. Results
3.1. Effect of Measurement Frequency on Correlation between
Impedance and Body Water Volumes. The correlation
between the impedance quotient, 𝐻2/𝑅, and TBW or ECW,
at each of the measured frequencies for all subjects that
had complete data (𝑛 = 607) is presented in Figures 2(a)
and 2(b), respectively. Correlations (𝑟
𝑝
) for TBW were
high (>0.919 at 0 kHz) rising to a maximum of 0.942 at
approximately 143 kHz and then declining progressively to
0.941 at infinite frequency. The opposite pattern was seen for
ECW with maximum correlation of 0.866 at 5 kHz declining
progressively to 0.846 at infinite frequency. Notably, the
correlation at zero frequency, 0.863, was lower than that at
measured frequencies of 20 kHz or lower.
3.2. Correlation between Predicted and Measured TBW. The
correlations between predicted TBW and measured TBW
volumes based on tritium dilution are presented in Figure 3.
All impedance methods were highly and significantly cor-
related (𝑟
𝑐
> 0.9, 𝑃 < 0.0001) with the reference method
although the strength of the correlation varied between
prediction methods, varying from 0.90 for the Deurenberg
[34] equation to 0.97 for the BIS method of Moissl et al.
[24] (Figures 3(a) and 3(e), resp.). Similarly the SEE varied
between methods: the lowest values, 2.48 L and 2.59 L, being
observed for the two BIS methods of [24] and de Lorenzo et
al. [22], respectively.
3.3. Limits of Agreement between Predicted and Measured
TBW. Limits of agreement between methods are plotted in
Figure 4. The smallest mean biases were observed for the BIS
and Heitmann predictors, 0.60, 0.86, and 0.88 L according to
the Bland-Altman plots in Figures 4(b), 4(e), and 4(f), respec-
tively. The smallest 2SD limits of agreement were obtained
for the BIS methods and the SFBIA prediction of Kushner
(Figures 4(c), 4(e), and 4(f)): the SD for these comparisons
being 2.4 L (5.7%), 2.5 L (5.9%), and 2.4 L (6.9%), respectively.
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Table 3: BIS volume prediction equations using de Lorenzo’s method [22].
Body fluid Equation Variable values
ECW 1
1000
(
𝐾
𝑏
2
𝜌
𝑒
2
𝐷
𝑏
)
1/3
(
√𝑊𝐻
2
𝑅
𝑒
)
2/3 𝐾
𝑏
= 4.3
𝐷
𝑏
= 1.05 × 10−3
𝜌
𝑒
= 40.5 for men
ICW (1 + ICW
ECW
)
5/2
= (
𝑅
𝑒
+ 𝑅
𝑖
𝑅
𝑖
)(1 +
𝜌
𝑖
𝜌
𝑒
ICW
ECW
)
𝜌
𝑒
= 39 women
𝜌
𝑖
= 273.9 men
𝜌
𝑖
= 264.9 women
Note: ICF is obtained after solving the resulting 5th grade equation after substituting 𝑥 = ICW/ECW according to [23].
Body composition 
data set
702 
BIS measurements
dilution 
BIS Body 
composition
calculations
BIS
BIS
TBW prediction
Target body water 
compartment data 
set 
Original body water 
compartment
data set
341 patients 94 patients
x
y Mean
D
iff
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en
ce
Bland-Altman
2H2O and NaBr
−0.5ns
+0.5ns
n = 94
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Deviation analysis versus
reference 2H2O data
Td filter
Td filter
Figure 1: Flow chart of sequence of analytical steps.
Table 4: BIS volume prediction equations using BMI compensation.
Body
fluid Equation 𝐾𝑡𝑒 values
ECW 𝐾𝑒𝑓 (
height2 ⋅ √weight
𝑅
𝑒
)
2/3
𝐾
𝑒𝑓
= 0.188/BMI + 0.2883
ICW 𝐾𝑖𝑓 (
height2 ⋅ √weight
𝑅
𝑖
)
2/3
𝐾
𝑖𝑓
= 5.8758/BMI + 0.4194
Note:𝐾𝑒𝑓 and𝐾𝑖𝑓 were obtained by regression to minimize the dependency
of the error from BMI in [24, 25].
Most notably the errors in predictions with the 50 kHz
methods of Deurenberg and Heitmann (Figures 4(a) and
4(b)) were positively and significantly dependent upon the
magnitude of TBW volume (𝑟
𝑝
= 0.5767, 𝑃 < 0.001 for
Deurenberg, and 𝑟
𝑝
= 0.71, 𝑃 < 0.001 for Heitmann).
The standard deviation (SD) for each of the 50 kHz single
frequency methods (6.9% and 6.3% for Kushner et al. and
Sun et al., resp.; Figure 4 and Table 5) was both similar but
slightly larger than the standard deviations obtained for the
BIS-based methods of 5.7% and 5.9% for Moissl et al. and
de Lorenzo et al., respectively. The mean of the differences
in the Bland-Altman plots, that is, the bias, was, however,
markedly smaller: 0.99% for the BIS-based approach of
Moissl and 2.03% for de Lorenzo compared with −5.37% and
−7.35% for Sun et al. and Kushner-Schoeller, respectively.The
magnitudes of the biases were similar when the population
was stratified by sex (Table 6). Notably, the biases were larger
for males than females despite there being more males than
females (56 : 38).
3.4. Performance of Predictors for Accuracy of the Estimations.
Table 7 presents data assessing the performance of the
methods when producing a single estimation, that is, the
expected error for any given estimation based in a single
BIS measurement. The values indicate that it is expected that
none of the approaches will produce an estimate closer to
the tritium-dilution value than 1.16% for women and 1.49%
for men in any case. Both BIS-based methods exhibit better
performance than the 50 kHz single frequency methods that
have deviation values in the range typically around 5%.
Overall, predictions produced by the Sun equation, which,
although still producing an error larger than the BISmethods,
provides estimates closest to the reference dilution values.
Figure 5 presents the absolute difference as percentages
on a distribution plot combined with a scatter plot. The
scatter plot shows the value for the absolute differences in
percentages rather than the differences in litres as in limits of
agreement plot. It is clear, reinforcing the data in Table 7, that
the Sun prediction equation, as judged by smaller values of
the MAPE and confidence intervals, produces slightly better
estimation of TBW than other single frequency methods.
3.5. Comparison of Different BIS Methods. The two BIS
methods produced similar values for themean of the absolute
deviation when compared to the reference method, 4.69%
and 5.07% for Moissl and de Lorenzo, respectively, as shown
in the combined plot in Figure 6. Both the mean of MAPE
and the SD limits of agreement were similar (Table 7) for
both men and women. Both methods showed a very slight
dependency of the deviation with absolute TBW volume but
in opposite directions; in both cases the deviation was not
significant: Moissl (𝑟
𝑝
= 0.14); de Lorenzo (𝑟
𝑝
= 0.007).
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Table 5: Bland-Altman analysis for comparison of total body water predicted by BIS and 50 kHz impedance methods.
Prediction method Volume (L)
Bias1 Correlation
SEELiters
(mean ± SD)
%
(mean ± SD) Pearson Lin
Reference method 2H2O dilution 40.47 ± 9.2
Deurenberg et al. [18] 38.6 ± 7.7 2.3 ± 4.1 4.63 ± 9.7 0.90 0.85 4.65
Heitmann [19] 41.35 ± 6.9 −0.88 ± 4.2 −3.97 ± 11.1 0.90 0.86 4.25
Kushner and Schoeller [20] 43.17 ± 9.0 −2.70 ± 2.4 −7.35 ± 6.9 0.97 0.92 3.62
Sun et al. [21] 42.56 ± 9.7 −2.09 ± 2.6 −5.37 ± 6.3 0.97 0.94 3.28
BIS prediction methods
Moissl et al. [24] 39.9 ± 8.5 0.60 ± 2.4 −0.99 ± 5.7 0.97 0.96 2.48
de Lorenzo et al. [22] 39.6 ± 9.22 0.86 ± 2.5 −2.03 ± 5.9 0.96 0.96 2.59
1Compared to reference method.
Table 6: Total body water predicted by different impedance methods according to sex.
Prediction method
Total body water
Women Men
Volume (L) Bias (L, %) Volume (L) Bias (L, %)
Reference method 2H2O dilution 33.59 ± 4.98 45.14 ± 8.52
50 kHz prediction methods
Deurenberg et al. [18] 35.24 ± 5.56 (+1.65, 4.91) 40.15 ± 8.27 (−4.99, −11.07)
Heitmann [19] 38.60 ± 5.46 (+5.01, 14.92) 43.22 ± 7.18 (−1.92, −4.25)
Kushner and Schoeller [20] 35.79 ± 4.46 (+2.2, 6.55) 48.18 ± 7.82 (+3.04, 6.71)
Sun et al. [21] 35.25 ± 5.11 (+1.66, 4.94) 47.53 ± 9.09 (+2.39, 5.27)
BIS prediction methods
Moissl et al. [24] 33.62 ± 4.61 (+0.03, 0.09) 44.11 ± 7.85 (−1.0, −2.21)
de Lorenzo et al. [22] 33.26 ± 5.72 (−0.33, −0.98) 43.92 ± 8.71 (−1.23, −2.72)
4. Discussion
This study has produced a number of key findings. Firstly,
despite the commonly held view that on theoretical grounds,
BIS should provide significantly better predictions of body
fluid volumes than SFBIAmethods; this is not necessarily the
case. It is clear that measurement of impedance at a low fre-
quency ismost closely correlatedwith ECWvolume although
not the theoretically optimal frequency of zero frequency.The
slightly poorer correlation at zero frequency is most likely
due to error induced by extrapolation of measured data to
the practically immeasurable zero frequency. It appears that,
operationally, ECW can be well predicted at any frequency
below approximately 20 kHz. This concurs with previous
observations using BIS to measure ECW in lymphedema
[35, 36].
Secondly, TBW ismost closely correlatedwith impedance
at high frequencies as theorywould predict. Again, extrapola-
tion of measured data to the theoretically optimal frequency
for prediction of TBW, infinite frequency, slightly wors-
ened the prediction. The difference between the maximum
observed correlation, at 143 kHz, and that at infinite fre-
quency was, however, only 0.001 units. The data suggest that
TBW may be equally well predicted from impedance mea-
sured at any high frequency above approximately 140 kHz.
The third notable finding of the present study is that,
despite the above observations, BIS methods in practice
have better predictive performance than the single frequency
equations as judged by smaller biases, limit of agreement,
and absolute error of the four SFBIA equations tested. These
three findings suggest that prediction of fluid volumes by
SFBIA is markedly influenced by the inclusion of predictor
variables other than the impedance values themselves in the
prediction algorithm. This supports previous observations
from a number of studies [5, 37] that inclusion of impedance
in prediction equations, whilst improving overall predictive
power, is adding to the already powerful predictive value of
variables such as weight, height, age, and sex.
The four SFBIA equations all perform slightly but signif-
icantly different to each other. The Pearson correlation and
the Lin concordance coefficients range from 0.9 and 0.86
to 0.97 and 0.94, respectively, with the Kushner-Schoeller
and Sun predictors performing better than Deurenberg and
Heitmann exhibiting smaller biases, limits of agreement,
and MAPE values. Kushner-Schoeller and Sun exhibited
similar performances as judged by correlation (𝑟
𝑝
= 0.97
for both; 𝑟
𝑐
= 0.92 and 𝑟
𝑐
= 0.94, resp.) but Sun’s
prediction equations produced better agreement and also
smaller MAPE. Interestingly, the two worse performing pre-
dictors, Heitmann and Deurenberg, both included variables
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Table 7: Mean absolute deviation predicting TBW: evaluation of accuracy.
% EBI
modality Method
Liters
Women
(mean ± SD)
Men
(mean ± SD)
Women
(mean ± SD)
Men
(mean ± SD)
4.47 ± 3.3 4.85 ± 3.3 BIS Moissl et al. [24] 1.53 ± 1.2 2.22 ± 1.7
4.63 ± 3.3 5.36 ± 3.9 BIS de Lorenzo et al. [22] 1.54 ± 1.1 2.39 ± 1.8
5.79 ± 4.3 11.13 ± 5.9 50 kHZ Deurenberg et al. [18] 1.93 ± 1.4 5.00 ± 2.8
15.18 ± 6.4 5.88 ± 3.7 50 kHZ Heitmann [19] 5.01 ± 2.0 2.69 ± 1.9
7.37 ± 4.9 8.39 ± 6.9 50 kHZ Kushner and Schoeller [20] 2.36 ± 4.5 3.44 ± 2.7
5.76 ± 4.6 7.02 ± 5.3 50 kHZ Sun et al. [21] 1.90 ± 1.5 3.06 ± 2.2
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Figure 2: Correlation of impedance quotients𝐻2/𝑅 (kHz) and estimated body fluids at different frequencies. Total body water in panel (a)
and extracellular fluid in panel (b).
other than the impedance quotient and weight raising the
possibility that inclusion of additional predictor variables
while improving prediction within that study population
decreases the portability of predictors between populations.
For example, Deurenberg’s prediction equation showed poor
performance in this study with low values of correlation, high
SEE, large agreement bias, and limits of agreement, but the
same equationwhen cross-validated in the original study [34]
produced a correlation of 𝑟
𝑝
= 0.95 and a SEE of 1.95 L.
A possible explanation for the significantly better per-
formance indicators with Sun’s equation than with the other
SFBIA methods may lie with the larger number of subjects
used in that study, 1035women and 734men, compared to the
others, for example, 40 subjects only for Kushner-Schoeller.
The conclusions from this analysis could be criticised as
being relevant only to these particular SFBIA equations. The
equations used here were chosen because of their popularity,
they still in use 20–25 years after being formulated [38, 39],
and as being representative of the many SFBIA equations
that have been published, see [40]. Although all equations
perform differently, when applied to broadly similar popula-
tions, the magnitude of interequation differences is generally
small and similar to that observed here. Of more importance
are their overall accuracy and their performance relative to
that of BIS techniques. Despite high correlations (𝑟
𝑝
= 0.97
and 𝑟
𝑐
= 0.94) and relatively small limits of agreement
when comparedwith the referencemethodof tritiumdilution
(SD = 2.6 L) and low deviation for single estimations of
TBW, particularly in women (MAPE of 5.76%), the overall
performance of SFBIA cannot be considered equivalent to the
performance of the BIS prediction equations.
The better performance exhibited by BIS prediction
equations supports the original contention [41] that the BIS
approach had the potential to improve predictive power. To
date, however, this had not generally proven the case [42].
Despite the better performance of BIS methods seen in the
present study, the mean bias when estimating TBW was
approximately 5% or around 2 litres, values in agreement with
those presented by Moon et al. in [43]. This level of error
may be acceptable in some clinical settings where measures
of body composition are required, for example, in weight
control, but is unlikely to be acceptable where TBW is being
measured in a clinically critical setting such as renal failure. It
is important to recognize that consideration ofmean biasmay
obscure much larger prediction errors for some individuals.
In 40 of the 94 subjects BIS-based predictions produced
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Figure 3: Comparison of TBW volume predicted by impedance methods with TBW measured by tritium dilution. Male data plotted with
solid circle and female data with hollow circle.
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Figure 4: Limits of agreement between predicted TBW volume and TBW volume determined by tritium dilution; data points are shown by
circle while mean ± 2SD limits of agreement and fitted regression line to the data are depicted by dash/dot lines, respectively. The equation
of the fitted regression equation, SEE, Pearson correlation coefficient, and mean TBW volume (L and %) are also shown. The values for the
limits of agreement are indicated below or under the corresponding line.
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Figure 6: Relative deviation Bland-Altman plots combined with distribution plot for the prediction of TBW volume obtained from tritium
dilution and BIS prediction equations.
larger deviations than the mean with 20 out 94 being greater
than 7.5% or approximately 3 litres. Unfortunately, it is not
possible a priori to identify which individuals fall at the
extremes of the error distribution. Such uncertainty casts a
shadow of unreliability over BIS and impedance prediction
of body composition in general that is difficult to overcome.
Clearly, efforts are required to improve the predictive
performance of BIS methods. The attempt by Moissl et al.
[24] to combine several equation parameters into a single
coefficient indexed to individual subject BMI was an impor-
tant improvement to the original mixture theory approach
[22].This approach attempted to account for anthropometric
differences between subjects with different body masses and
geometry. Unfortunately, as this study has demonstrated,
improvements in predictive performance were marginal.The
fundamental problem is that, as also indicated in [42, 44],
BIS equations inherently require simplifications and assump-
tions based on population mean values as being accurately
applicable to all subjects.This way is producing an acceptable
performance at population level but producing completely
unacceptable errors at measurement level as recently pointed
by Piccoli in [44]. Therefore, the selection of values for some
10 BioMed Research International
intrinsic parameter of the BIS prediction equation must be
modified in such a manner that they are more personalized.
Most probably such personalization will be required not only
at individual subject level but also for each pathological or
disease state that may influence body water volumes or the
conductivity of body fluids.
5. Conclusions
From one side, it is shown that BIS equations can predict
with better accuracy TBW, but the exhibit expected error
might not be sufficiently small to justify its use in clinical
application where the accuracy of the estimation must be
below 1 L (approximated 2,5%) like in dialysis [45]. The
dialysis case is extremely important and despite the reported
poor accuracy and other reported limitations [46], the use
of BIS is spreading among dialysis clinics and requires
immediate targeted actions to improve its clinical usefulness.
In addition, as indicated recently in [6], if the accuracy
is refined there are clinical populations other than dialysis
patients that could potentially benefit from the advantages
associated with bioimpedance technology, for example, non-
invasiveness, safety, ease of use, portability, and relatively low
cost medical technology.
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